ABSTRACT
Immunological memory is a characteristic feature of the adaptive immune system and appears to result from the persistence of a heightened reactive state initiated by antigenic challenge. Secondary or memory responses are more rapid in onset and more effective than primary immune responses. The ability to generate a memory response protects organisms from recurrent challenge by pathogens. The means by which T cell memory is maintained is not completely understood. One model postulates that longterm memory is dependent on persistent antigenic stimulation (1, 2) . According to this model small amounts of antigen, derived from an initial infection, persist in specialized depots, such as follicular dendritic cells, ensuring that a small subset of T cells is maintained in an activated state long after a pathogen is cleared. However, this view was challenged by the observation that T cells from virally immunized mice, when adoptively transferred to antigen-free animal hosts, gave rise to T cells that responded rapidly to antigen and retained the expression of activation markers (3) (4) (5) . These results suggest that T cell memory may be because of the presence of long-lived memory cells, which are derived from antigen-activated cells and persist in the absence of antigen.
Mature T cells express T cell receptors (TCRs), which are weakly reactive to self-peptide͞major histocompatibility complex (MHC) molecules as a result of thymic positive selection (6, 7) . Thus, memory T cells could persist not because they have an inherently longer life-span, but because they receive constant low level stimulation from the same self-peptide͞MHC molecules that provide the signaling for positive selection during development. The expression of the self-peptide͞MHC complexes that trigger positive selection of CD8 ϩ T cells are largely dependent on the expression of TAP1 (transporter of antigen protein 1) (8, 9) . The TAP1 gene encodes an ATP-dependent peptide pump (10) , which translocates peptides from the cytosol into the lumen of the endoplasmic reticulum. Peptides then associate with newly synthesized class I heavy chain and ␤2-microglobulin (␤2-m) to form stable class I molecules that are then transported to the cell surface (11) (12) (13) (14) . In TAP1 mutant mice, this major route of peptide loading of class I molecules is blocked. Consequently, surface expression of MHC class I molecules is reduced to less than 10% of normal levels (8, 15) .
In this paper we test the hypothesis that in the absence of antigen, interaction of TCR with self-peptide͞MHC molecules is required for the maintenance of CD8 ϩ memory T cells. We analyzed CD8 ϩ T cell memory by using transgenic mice carrying the male-specific, anti-H-Y TCR B6.2.16 (15 The heightened reactivity correlates with persistent expression of the CD44 activation marker in the absence of in vivo exposure to either male cells or peptide antigen. Together these data suggest that the activated phenotype and survival of antigen-primed T cells can be maintained in the absence of persistent antigen. The level of TCR engagement provided by self-peptide͞MHC com-plexes found in a positively selecting background appears to be sufficient to maintain the in vivo persistence of memory cells. (19) . Monovalent Fab fragments of T3.70 mAb were generated, purified, and labeled with FITC using standard protocols (19) . Cells were stained and analyzed by fluorescence-activated cell sorting (FACS) using standard protocols.
MATERIALS AND METHODS

Flow
Mice. Cr release values exceeding the mean spontaneous release by more than three times the standard deviation. CTL precursor frequency was calculated from the Poisson distribution (19) . Table 1 ). The Smcy peptides tested have sequences that conform to the H-2D b -specific motif of a nine amino acid peptide with the anchor residue asparagine (N) in the fifth position and either isoleucine, leucine, or methionine (I͞L͞M) in the ninth position (24 The ability of Smcy peptides to sensitize RMA (H-2 b ) targets to lysis by anti-H-Y B6.2.16 CTLs (15) was tested in 51 Cr-release assays and expressed as the concentration of peptide that gave 50% of the maximum specific lysis. The anti-male specificity of the B6.2.16 CTL was demonstrated by measuring the specific lysis of 51 Cr-labeled, male (24%) and female (7%) spleen cell blasts from C57BL͞6 mice. Similar results were obtained in three other separately performed experiments. Fig. 1 ). As shown in the representative experiment in Fig. 2A, Ϫ mice 7 days after transfer was also comparable (Fig. 4) . There was an increase in the number of CD8 (Fig. 5) . These data imply that the expression of TAP1-dependent, self-peptide͞MHC molecules is required to ensure both the long term survival and memory phenotype of CD8 ϩ T cells. (Fig. 6A) (Fig. 6B) . These data suggest that naive CD8 
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DISCUSSION
Determining which factors generate and maintain memory T cells is critical for our understanding of immunological memory. The essential features of memory T cells are that they are long lived, exhibit an activated phenotype, and show enhanced responsiveness to antigen compared with naive cells (26) . The obvious TCR ligand that might maintain such memory T cells is antigen.
In the case of viral infections, antigen may well persist over a prolonged period of time, particularly following DNA viral infections (2). However, persistence of antigen is unlikely to explain the long term memory established by immunization with toxoids or killed organisms. In the past it has been suggested that such memory is maintained by cross-reactive environmental antigens (26) . Several reports have indicated that under some circumstances (4, 5, 16, 27) memory T cells appear to persist in the absence of antigen. How T cell memory is maintained, in the absence of antigen, has been the focus of our studies. During T cell development, positive selection requires that the TCRs of developing T cells engage and transmit signals in response to self-peptide͞MHC molecules ensuring that mature T cells have specificity for self-MHC and so are capable of MHCrestricted recognition of antigen (6, 7) . Therefore, self-peptide͞ MHC could provide the necessary stimulation to maintain the activated phenotype and survival of memory T cells, in the absence of antigen. To test this hypothesis, we examined the ability of anti-H-Y memory CD8 (Fig. 3A) . These data indicate that expression of TAP1-dependent, self-peptide͞MHC class I complexes is required for the survival of CD8 ϩ memory T cells. When we examined the self-peptide͞MHC requirements for the survival of memory cells functionally, we observed a dramatic difference between TAP1 ϩ and TAP1 Ϫ recipients (Fig. 3B) . The mean number of anti-H-Y CTL precursors derived from transferred activated B6.2.16 CD8 ϩ cells recovered after 70 days from TAP1-deficient mice was only 0.7% of the number recovered from mice with normal expression of TAP1 (Fig. 3B) . These data indicate that the long-term survival of memory anti-H-Y CTLs is nearly abolished in TAP1-deficient mice.
Previous experiments have shown a less severe reduction in the survival of anti-viral memory CTLs when activated cells were adoptively transferred to ␤2-m-deficient mice (5). In TAP1 Ϫ mice, the loading of class I molecules with self-peptides in the lumen of the endoplasmic reticulum is blocked, but unstable ''empty'' class I molecules can be stabilized at the cell surface by the addition of exogenous peptides (8, 28) . In contrast, in ␤2-m Ϫ mice the possibility of a low level of endogenous, self-peptide association with class I heavy chains exists because entry of potential MHC-associated peptides into the lumen of the endoplasmic reticulum is not blocked. Therefore, the repertoire of self-peptides that stabilize the residual class I MHC molecules expressed in TAP1 Ϫ and ␤2-m Ϫ mice is likely to be different (29) . These differences between residual peptide͞MHC complexes may explain the differences in survival of CD8 (Fig. 4) (Fig. 5 ). This finding is consistent with our observation that there is a higher degree of naive B6.2.16 CD8 ϩ cell survival in TAP1-deficient mice (5-fold lower than TAP1 ϩ mice) compared with memory B6.2.16 CD8 ϩ survival in TAP1-deficient mice (15-fold lower than TAP1 ϩ mice) (Fig. 6) . We conclude, therefore, that activated memory T cells are more dependent on self-peptide͞MHC molecules than naive cells for their long-term survival.
During the preparation of this paper it was reported that ␤2-m expression was required for the short-term (16 days) survival of cells derived from activated CD8 ϩ cells, some of which are presumably destined to become memory cells (27) . Our observations confirm this finding by using TAP1-deficient mice and demonstrate that cross-reactive interactions between the anti-H-Y TCR of CD8 ϩ T cells and TAP1-dependent, self-peptide͞ class I MHC molecules are essential to ensure the long-term survival of memory T cells, in the absence of antigen. Tanchot et al. (27) observed in vivo expansion of memory CD8 ϩ cells during the first few weeks after transfer. However, those experiments differ from these reported here because Tanchot During positive selection, only thymocytes that express TCRs with the appropriate avidity for self-peptide͞MHC are given the signal(s) necessary to avoid programmed cell death and differentiate into mature T cells (25, 31, 32) . Therefore, a potential role of positive selection may be to ensure that mature T cells express TCRs that are weakly reactive to self-peptide͞MHC complexes, thereby providing memory cells with a low level of stimulation to ensure long-term survival in the absence of antigen. Although the survival of naive CD4 ϩ T cells (33) and naive CD8 ϩ T cells (27) require interaction of TCRs with self-peptide͞MHC molecules for survival, we observed that memory T cells are more dependent than naive cells on these low avidity signals for their long-term survival.
